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ABSTRACT
The structure and evolution of gas flows within the cavity of a circumbinary disk (CBD) surround-
ing the stellar components in eccentric binaries are examined via two-dimensional hydrodynamical
simulations. The degree to which gas fills the cavity between the circumstellar disks (CSDs) and the
CBD is found to be greater for highly eccentric systems, in comparison to low-eccentricity systems,
reflecting the spatial extent over which mass enters into the cavity throughout the orbit. The pattern
of the gas flow in the cavity differs for eccentric binaries from that of binaries in a circular orbit. In
particular, the former reveals tightly wound gas streams and figure-eight-like structures for systems
characterized by eccentricies, e ≥ 0.4, whereas the latter only reveal relatively loosely bent streams
from the CBD to the CSDs. Hence, the description of the stream structures can be a probe of sufficient
non-circularity of the binary orbital motion. Given that the inner edge of the CBD is not very well
defined for highly eccentric systems due to the complex gas structures, it is suggested that the area
of the cavity for high-sensitivity imaging observations may prove to be a more useful diagnostic for
probing the effectiveness of CBD clearing in the future.
Keywords: editorials, notices — miscellaneous — catalogs — surveys
1. INTRODUCTION
Within the last decade radio observations of protostel-
lar binary systems at submillimeter wavelengths using
interferometers at the Submillimeter Array (SMA) and
Atacama Large Millimeter/subillimeter Array (ALMA)
have enabled detailed spectral studies of their structures
at high angular resolution. Due to the close proximity
of protostellar binary systems in low mass star forming
regions (< 200 pc) and their large orbital separations
(& 10 AU) the observations of L1551 NE (Takakuwa
et al. 2014), UY Aur (Tang et al. 2014) and GG
Tau (Dutrey et al. 2016) have revealed significant mor-
phological and kinematic structure in the circumstellar
disk (CSD) and circumbinary disk (CBD) in these sys-
tems. In particular, observations provide estimates of
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the shape and size of the cavity within the CBD, the
existence of gas streams from the CBD to the CSDs,
the stream connecting the CSDs, and shocks as inferred
from molecular tracers (e.g., SO). All these diagnostic
probes provide valuable insight into the nature of these
systems and the interactions between their components.
In parallel, the pioneering theoretical works of Arty-
mowicz & Lubow (1994, 1996) have provided an in-
terpretative framework for some of these observational
data. In particular, the importance of the eccentricity of
the orbit on the inner size of the CBD was pointed out
by Artymowicz & Lubow (1994), Lubow & Artymow-
icz (1997) and summarized in a review by Dutrey et al.
(2016). Recent numerical studies by Miranda, Munoz, &
Lai (2017), Thun, Kley, & Picogna (2017), and Munoz,
Miranda, & Lai (2018) and references therein have pro-
vided theoretical understanding for the description of
the structure within the CBD, and the morphology and
variability of the flows between the CBD and CSD. Of
additional interest is the secular evolution of the mass
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accretion rates onto the individual stellar components
of the binary and the angular momentum transfer rate
between the CBD and the binary system.
In this Letter, we focus on the structure of the gas
flowing from the CBD to the CSDs within the cavity
created by the non-central gravitational forces acting on
the gas within a binary system. The general case of an
eccentric binary is considered as it is more appropriate
for the systems under consideration where the orbital
separations of the observed protobinary systems with
CBD are large. Processes which can lead to the circu-
larization of the orbital motion such as tidal dissipation
are ineffective.
Previous studies by Gunther & Kley (2002), Hanawa,
Ochi, & Ando (2010), and de Val-Borro, Gahm, Stem-
pels, & Poplinksi (2011) have explored the temporal and
spatial properties of gas flows for specific binary star sys-
tems and, hence, for a limited range of mass ratios and
orbital eccentricities. However, we focus on the degree to
which the cavity is filled and the resulting flow patterns
for a range of eccentricities and mass ratios. We model
the system without excising the inner binary and CSDs
and adopt a viscosity parameter α = 0.001, a value con-
sidered appropriate for disks surrounding young stellar
objects in contrast to higher values adopted in earlier
studies. Our investigation is motivated, in part, by
observational evidence for the presence of shocked gas
within the cavity of CBDs in binary protostars (e.g., UY
Aur, see Tang et al. 2014; L 1551 NE, see Takakuwa et
al. 2017). As a major result, we find that the flow pat-
terns in the cavity can be characterized by either tightly
wound streams or figure-eight-like features, which are
unique to moderate and highly eccentric binary systems.
In the next section, we briefly describe the numeri-
cal method, the assumptions underlying our model, and
the initial setup of our calculations. The results from
a suite of two-dimensional hydrodynamical simulations
are presented and described with a particular focus on
the patterns of the gas flow within the cavity in §3. The
dependence of the character of the gas flow between the
CBD and CSDs on the eccentricity and mass ratio of the
system are also described. Finally, we discuss the impli-
cations of our work, their relevance to the interpretation
of observations, and conclude in the last section.
2. NUMERICAL METHOD AND ASSUMPTIONS
To model the hydrodynamical flow within the cavity
of a CBD, we use the DISCO code (Duffell & MacFadyen
2012; Duffell 2016). DISCO is a moving-mesh hydrody-
namics code specifically tailored to evolving astrophys-
ical disks. Computational zones are wedge-like annular
segments that orbit with a prescribed velocity. Neigh-
Table 1. Overview of parameters for simulations presented
in this Letter.
Simulation Mass Ratio q Eccentricity e
q1.0e0.0 1.0 0.0
q1.0e0.2 1.0 0.2
q1.0e0.4 1.0 0.4
q1.0e0.6 1.0 0.6
q1.0e0.8 1.0 0.8
q0.8e0.0 0.8 0.0
q0.6e0.0 0.6 0.0
q0.4e0.0 0.4 0.0
q0.8e0.6 0.8 0.6
q0.6e0.6 0.6 0.6
q0.4e0.6 0.4 0.6
boring annuli shear with respect to each other such that
the mesh topology changes during the course of the cal-
culation. DISCO evolves the hydrodynamic equations
in cylindrical coordinates, explicitly conserving angular
momentum.
The mesh for our fiducial simulation setup consists
of 128 annuli spaced from the origin to R = 10 abin.
The highest resolution is attained near the binary, with
∆R = 0.025abin. The azimuthal extent of each zone is
chosen such that ∆R ≈ R∆φ, so that the zones all have
approximately aa 1:1 aspect ratio. The outer boundary
at R = 10 abin fixes all fluid quantities to the initial con-
ditions. Zones are constructed in such a way that there
is no need for any special boundary condition at R = 0.
We have also performed two simulations (q1.0e0.0 and
q1.0e0.6) at a factor 2 higher resolution of 256 annuli
and in turn also factor 2 higher resolution in azimuthal
resolution. We find that the cavity shape and area, as
well the local flow patterns are only minimally changed
when comparing simulations with different resolution.
We carry out each numerical calculation for 5000 or-
bits in order to achieve a quasi-steady state in the in-
ner region of the CBD and cavity region. The inner
disk structure at late times is insensitive to the initial
conditions. The binary is imposed as a pair of point
masses orbiting one another with a fixed mass ratio q,
semi-major axis abin and eccentricity e. The binary mo-
tion is determined using the analytical solution to Ke-
pler’s equations, so that the binary separation ranges
from abin(1 − e) to abin(1 + e). The disk is setup by
using an isothermal equation of state, with H/R = 0.2
at R = abin. We choose a uniform surface density pro-
file, Σ(R) = Σ0, with Σ0 = 1.0. Viscosity is chosen by
imposing a fixed α = 0.001, giving a kinematic viscosity
of ν = αc2s/Ω.
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Figure 1. 2D pseudocolor visualizations of surface density Σ/Σ0 for the five equal-mass binaries q1.0e0.0 to q1.0e0.8. All
panels show snapshots at t = 3000Tbin. The color map is logarithmic and ranges from 0.03 to 100. The panels are zoomed in
to show the region x = y = ±5abin to highlight the behavior of the CSDs around the protostars and the CBD cavity. Panel
(a) shows binary q1.0e0.0, panel (b) binary q1.0e0.2, panel (c) binary q1.0e0.4, panel (d) binary q1.0e0.6, and panel (e) binary
q1.0e0.8.
We use a sink prescription to model accretion onto the
protostars from the CSDs. We remove fluid smoothly
from the vicinity of each protostar following the pre-
scription described in Farris et al. (2014). Specifically,
we use a source term
(
dΣ
dt
)
sink,i
= − Σtvis,i which we add
inside a radius rii/abin < 0.05. This removes fluid from
the vicinity of each protostar by assuming an α-disk
model for the CSD. We choose tvis,i = 0.1Tbin to roughly
match the expected viscosity of the CSDs, but note that
other choices (tvis,i = 0.01Tbin and tvis,i = 0.001Tbin) do
not change the results and conclusions presented in this
Letter qualitatively (as noted by Tang et al 2018, this
choice can affect the torque measured, but that is not
the focus of this study).
3. SIMULATION RESULTS
We have performed simulations at low viscosity (α =
10−3) and for a sink rate of 0.1 for different mass ratios
and eccentricities. The parameters and key quantities
from the simulations are presented in Table 1. We have
explored mass ratios between 1.0 and 0.4 and eccentric-
ities between e = 0.0 and e = 0.8. The equal-mass
circular orbits simulation q1.0e0.0 is our reference sim-
ulation.
We find differences in flow structure between the CBD
and the two individual protostellar disks that surround
each of the stars. In the following we first describe the
dependence of the flow structure on the eccentricity of
the binary stars’ orbital motion and secondly describe
the dependence of the accretion flows onto the two pro-
tostellar disks when the two stars have different masses.
2D pseudocolor visualizations of surface density
for the simulation series with varying eccentricities
(q1.0e0.0 to q1.0e0.8) are shown in Fig. 1. To high-
light the behavior of the binary and disk cavity we limit
the extension of the color plots to x = y = ±5abin. The
CBD cavity becomes eccentric in all cases, but the cav-
ity size is larger in radial extent for higher eccentricities
of the binary. At the same time, the material inside
the cavity has higher density and its mass is greater
for higher eccentricities. Torques exerted by the binary
impact the disk structure out to larger radii for more
eccentric orbits. The CSDs surrounding the individual
protostars are more extended in the case of zero or low
eccentricity. In contrast, the accretion streams onto the
CSDs from the CBD are more diffuse and less clearly
defined for higher eccentricities.
To illustrate the differences in the flow structure in
the orbital evolution of the binary and CBD, we show
snapshots at different times during a single orbit for sim-
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Figure 2. 2D pseudocolor visualizations of surface density Σ/Σ0 for the equal-mass binary q1.0e0.0 (top row, panels (a)-
(d)), the equal-mass, eccentric binary q1.0e0.6 (middle row, panels (e)-(h)), and the unequal-mass, eccentric binary q0.4e0.6
(bottom row, panels (i)-(l)) during different phases of a single orbit. Panels (a)-(d) show four snapshots during the orbit starting
t = 3000Tbin for q1.0e0.0. Panels (e)/(i) show the eccentric binaries q1.0e0.6/q0.4e0.6, respectively, at periastron, panels (f)/(j)
in between periastron and apastron, panels (g)/(k) at apastron, and panels (h)/(l) again in between apastron and periastron.
The color map is logarithmic and ranges from 0.03 to 100. The panels are zoomed in to show the region x = y = ±5abin to
highlight the behavior of the CSDs around the protostars and the CBD cavity.
ulations q1.0e0.0, q1.0e0.6, and q0.4e0.6. Panels (a)-(d)
of Fig. 2 illustrate that the differences in flow structure
during one orbit vary only moderately in the case for
a circular orbit. Both the two CSDs around the proto-
stars and the accretion streams onto them remain well
connected and defined during the orbit. A stream con-
necting the two CSDs is always present during the orbit.
For comparison we show the eccentric binary q1.0e0.6 in
panels (e)-(h) of Fig. 2. Here, the orbital dynamics and
changes in binary separation during one orbit change
the behavior of the accretion flows, CSDs and stream be-
tween the CSDs significantly. At periastron (Fig. 2 panel
(e), the two CSDs nearly touch as the orbital separation
is the smallest. The accretion streams onto the CSDs are
relatively narrow and well defined. As the binary evolves
toward apastron (Fig. 2 panels (f),(g)), the accretion
streams become more diffuse and the cavity structure
more complicated. A figure-eight-like structure emerges
that is not present in the circular orbit case. The flow
between the two CSDs becomes very narrow and less
dense than in the circular orbit case. In the evolution
back toward periastron (Fig. 2 panel (h)), the structure
disappears again. Finally, panels (i)-(l) of Fig. 2 show
the eccentric unequal-mass binary q0.4e0.6. The flow
patterns are very similar to the equal-mass, eccentric
binary q1.0e0.6 and the same figure-eight-like structure
emerges in the evolution toward apastron. This struc-
ture is also present in the binaries q1.0e0.4 and q1.0e0.8
(not shown here). Overall, in all simulations with eccen-
tricity e ≥ 0.4, there is more diffuse low-density gas in
the cavity during all stages of the orbit compared to the
circular orbit case and the figure-eight-like structure in
the accretion flows onto the CSDs appears as a robust
feature of the eccentricity in the orbits of the two stars.
Fig. 3 shows angle-averaged (in azimuthal angle φ)
profiles of surface density Σ/Σ0 as a function of ra-
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Figure 3. Azimuthally averaged surface density as a function of radius for the equal-mass binaries q1.0e0.0 - q1.0e0.8. The
black lines depict the binary q1.0e0.0, the purple line the q1.0e0.2 binary, the blue line the q1.0e0.4 binary, the light blue line
the q1.0e0.6 binary, and the cyan line the q1.0e0.8 binary. Panel (a) shows the mean surface density profile over the last 3000
orbits (2000 − 5000Tbin). The shaded regions indicate the maximum and minimum values of all individual profiles considered
in the mean. Panel (b) shows the mean profiles only to indicate the differences in cavity size and filling.
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Figure 4. Area of the CBD cavity as a function of time
for the equal-mass binaries q1.0e0.0 - q1.0e0.8. We define
the area of the cavity as the area of all zones below a surface
density of Σ/ΣCSD,max = 0.025, where ΣCSD,max is the max-
imum density in the CSD. The black line depicts the area for
the binary q1.0e0.0, the purple line the q1.0e0.2 binary, the
blue line the q1.0e0.4 binary, the light blue line the q1.0e0.6
binary, and the cyan line the q1.0e0.8 binary.
dius r for the binaries q1.0e0.0 - q1.0e0.8. Panel (a)
(left) shows the time-averaged surface density profiles
for 2000Tbin ≤ t ≤ 5000Tbin (solid lines). The shaded
regions surrounding the time-averaged profiles show the
minimum and maximum values of profiles at individual
times and give an indication of the variability of the ra-
dial structure over time. Panel (b) (right) shows only
the time-averaged surface density profiles as a function
of radius. It can be seen that clear trends with eccen-
tricity are present. The radius of the inner edge of the
CBD becomes larger for increasing eccentricity. At the
same time the cavity remains filled with higher-density
material compared to the circular orbit case, making it
difficult to define the location of the inner edge of the
CBD with increasing eccentricity. In addition there is
less variation around the mean profiles for increasing ec-
centricity. We note that due to the chosen value for the
viscosity parameter of α = 10−3, only the cavity and
inner regions of the CBD evolve for a full viscous time
at t = 5000Tbin, but there is still little to no evolution
of the outer regions of the CBD. This is directly visible
in the very small extent of the shaded regions beyond
r ' 5 abin. This however does not impact on the results
of this Letter as our focus is exclusively on the behavior
of the cavity surrounding the binary and the accretion
flows onto and between the CSDs surrounding the stars.
As a final remark, we point out that the surface den-
sity of material in the cavity does not decrease as much
in our simulations when compared to simulations that
excise the stars and CSDs surrounding them (see, e.g.,
Miranda, Munoz, & Lai 2017 and Thun, Kley, & Picogna
2017) due to the absence of an imposed inner boundary.
To quantify the differences in the description of the
cavity as a function of eccentricity we define the area
of the cavity as the area of all zones below a surface
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Figure 5. 2D pseudocolor visualizations of surface density Σ/Σ0 (top row) and the z-component of the potential vortic-
ity (∇× ~v)z /(Σ/Σ0) (bottom row) for the equal-mass binary q1.0e0.0 (left column, panels (a),(c)) and the eccentric binary
q1.0e0.6 (right column, panels (b),(d)) at periastron at T = 3000Tbin. The color map is logarithmic for Σ/Σ0 and linear for
(∇× ~v)z /(Σ/Σ0). The panels are zoomed in to show the region x = y = ±2.7abin to highlight the behavior of the CSDs around
the protostars and the CBD cavity. The numerical noise in the center of panels (c) and (d) is due to interpolation from the
Disco mesh to a regular spaced mesh to evaluate (∇× ~v)z via finite difference.
density of Σ/ΣCSD,max = 0.025, where ΣCSD,max is the
maximum density in the CSD. In Fig. 4, we show Agap
as a function of time for the binaries q1.0e0.0-q1.0e0.8.
After an initial transient phase all binaries settle into a
configuration where the Agap does not change on longer
timescales, but oscillates around a constant value on a
timescale t ' 300Tbin. There is a clear trend of in-
creasing area of the cavity with increasing eccentric-
ity. While the circular-orbit and low-eccentricity bina-
ries q1.0e0.0 and q1.0e0.2, and the medium-eccentricity
binary q1.0e0.4 show very similar dynamics, the high-
eccentricity binaries q1.0e0.6 and q1.0e0.8 show a sig-
nificantly increased area of the cavity. We note that we
do not show radial profiles of surface density Σ/Σ0 and
the area of the cavity Agap as a function of mass ratio
q as the overall values of these quantities only depend
very weakly on q in the parameter range we have ex-
plored (0.4 < q < 1.0). One exception is the timescale
of the variability of Agap.
The increased amount of gas inside the cavity and the
complicated flow dynamics for eccentric orbits raises the
exciting possibility of the presence of detectable emission
from shocked and unshocked material therein. In order
to investigate this further we show the z-component of
the potential vorticity (∇× ~v)z /(Σ/Σ0) in Fig. 5 (Li
et al. 2005, Dong, Rafikov, & Stone 2011). We fo-
cus our attention on the non-eccentric binary q1.0e0.0
and the eccentric binary q1.0e0.6 and display a snap-
shot in time where the binary is close to apastron for
the eccentric case. The snapshots correspond to pan-
els (c) and (g) from Fig. 2. The top row shows sur-
face density Σ/Σ0 for comparison, while the bottom
row shows (∇× ~v)z /(Σ/Σ0). Large positive values of
(∇× ~v)z /(Σ/Σ0) indicate highly compressed and po-
tentially shocked material. Compressed/shocked mate-
rial appears to be present in the accretion streams onto
the CSDs for both the circular and eccentric orbit case.
This traces out the spiral streams in the circular orbit
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case and the figure-eight-like structure in the eccentric
case highlighting the possibility of using this feature as a
potentially powerful observational probe of eccentricity.
4. CONCLUSIONS
Two-dimensional hydrodynamical simulations have
been carried out to investigate the morphology of gas
flows within the cavity region between a central binary
and its CBD in eccentric systems. We find that the
streams flowing from the CBD into the cavity are broad
and can take the form of tightly wound streams or a
figure-eight-like structure surrounding the binary for
sufficiently eccentric systems (e ≥ 0.4), with the specific
pattern dependent on the orbital phase of the system.
This is in contrast to the gas flows characteristic of
a binary in a circular orbit or one of low eccentricity,
in which relatively thin loosely bent streams directly
flow from the CBD to the CSDs with the flow pattern
varying little with orbital phase. We have shown that
the gas in the cavity is likely to be shocked and, thus,
observational strategies using molecular lines that are
shock tracers are more likely to uncover these features.
It is worth asking whether the shock patterns ob-
served in this study would be present in a fully three-
dimensional calculation. Ultimately, 3D calculations
will be necessary to answer this question completely, but
it is reassuring that the characteristic size and shape of
the shock structures consist of length scales significantly
larger than the scale height, and therefore the expecta-
tion is that similar structures would be found in 3D, and
in particular the figure-eight–like flow patterns would
still be expected to emerge for sufficiently eccentric or-
bits.
Thus, the existence of the unique flow patterns in the
cavity region could serve as a proxy to signify a modest
to large eccentricity in the orbital motion of the binary
stellar components. This imprint would serve as addi-
tional support for the inference for an eccentricity in the
binary system in addition to the observations pointing
to large disk gap sizes greater than about 1.7 times the
orbital separation of the binary (Artymowicz & Lubow
1994).
Although there are orbital phases close to periastron
in the case of an eccentric binary where the morphology
of the gas flow in the cavity corresponds to two streams
flowing directly from the CBD to the CSDs, similar to
that in the case for circular orbit, the diversity of pat-
terns represented throughout the bulk of the binary or-
bit indicate that the description of the morphology for
binaries characterized by circular orbits does not neces-
sarily transfer to binaries in eccentric orbits. Because
of this result, the amount of matter in the cavity varies
throughout the orbit with the tendency for a greater
amount to exist in the cavity for binaries characterized
by higher eccentricities. Due to the presence of this
matter, the characterization of the CBD in terms of an
inner radius becomes less well defined. We suggest that
the area of the non-emitting region can be an alterna-
tive measure. Given a model for converting the gas sur-
face density to the molecular emission, the flux observed
from the CSDs can be used to define a threshold value
for the detection/non-detection of emission/gas within
the cavity as described in Fig. 4. As long as this thresh-
old is chosen to be greater than the sensitivity for the
instrumentational/observational setup it can be used to
determine the area of the cavity as the region with emis-
sion below the threshold.
We have also identified the pattern of the gas flows as
a specific diagnostic to probe the effect of orbital eccen-
tricity, however, it is challenging to infer the eccentric-
ity of the system since the orbital phase of the binary
system for a given observation is unknown. In order
to provide further information to place constraints on
the eccentricity of the system from the structure of the
gas flows alone, it is necessary to study the kinemat-
ics of the matter in the two streams. Toward this end,
detailed comparisons between observations and theory
would be more meaningful if theoretical data cubes were
used to produce synthetic observations taking into ac-
count the detector and telescope simulator for interfer-
ometric observations. Future observational studies are
encouraged to carry out high-sensitivity spectral obser-
vations at high spatial resolution to provide a further
understanding of the gas flows in these binary systems
in their earliest stages of evolution.
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